Although the liver is the primary site of metabolism and biliary excretion for many medications, data are limited on the liver's pharmacokinetic abilities in cirrhosis. Cirrhosis develops through collagen deposition, eventually culminating in end-stage liver disease that compromises hepatic drug metabolism. Consequently, the US Food and Drug Administration (FDA) recommends evaluating the pharmacokinetics of medications in subjects with hepatic impairment if hepatic metabolism constitutes more than 20% of their elimination or if they have a narrow therapeutic range. A variety of noninvasive indices and radiologic procedures can be employed to assess hepatic drug metabolism and excretion. The Child-Pugh score is the most commonly used scale for assessing hepatic impairment among drugs submitted for US FDA approval. The score, originally developed to guide operative mortality in patients undergoing hepatic resection, has not been modified since its inception 5 decades ago. Furthermore, the score was not originally intended to be a guide for potential dose modification in patients with hepatic impairment. These reasons, in combination with the availability of a variety of new imaging modalities and an enhanced understanding of hepatic biology, should foster the development of novel methods to assess the effect of hepatic impairment on liver drug metabolism.
Pharmacokinetic studies in subjects with hepatic impairment are typically used to derive dosing recommendations for patients with hepatic insufficiency. The US Food and Drug Administration (FDA) recommends conducting pharmacokinetic studies in subjects with hepatic impairment when hepatic metabolism and excretion account for more than 20% of drug elimination or if the drug has a narrow therapeutic range. 1 Currently, the US FDA recommends the use of the Child-Pugh score for classifying liver impairment in pharmacokinetic studies in subjects with hepatic impairment submitted for regulatory approval. 2 Other systems to stage liver impairment include the National Cancer Institute (NCI) index, model for endstage liver disease (MELD) score, the Mayo risk scores for primary biliary cirrhosis and primary sclerosing cholangitis, and the Maddrey-Carithers discriminant function for acute alcoholic hepatitis. Unfortunately, none of these systems has been designed to reliably estimate the relationship between hepatic impairment and the pharmacokinetics and pharmacodynamics of medications. Thus, assessment of liver function in the setting of clinical pharmacology studies remains an important priority for drug development and clinical care.
In this article, we provide an overview of the biology of liver disease that results in chronic fibrosis, supply recommendations on methods to assess liver dysfunction, and review data on how these changes can affect liver metabolism and excretion of medications. We also provide an overview of the current state of pharmacokinetic studies in subjects with hepatic impairment. Finally, we attempt to highlight the most important areas in which further research is needed to enhance our understanding of how liver impairment affects drug metabolism and elimination.
Pathobiology of Chronic Liver Diseases
Liver fibrosis is a generic wound-healing response to chronic liver disease regardless of etiology. 3 Progressive fibrosis can eventually result in cirrhosis, endstage liver disease (ESLD), hepatocellular carcinoma, and death. Portal hypertension, in which high pressure within the liver affects the hepatic vasculature, is associated with worse outcomes from ESLD including variceal bleeding, renal dysfunction, hepatic encephalopathy, increased susceptibility to infection, and multiorgan dysfunction. From the clinical perspective, cirrhosis can be differentiated into 2 broad categories: compensated and decompensated. Decompensation develops when hepatic protein synthesis capacity is impaired, resulting in the clinical abnormalities of ascites, hepatic encephalopathy, and bleeding diathesis. Recent observations have discovered that underlying these manifestations is an increased inflammatory response, as illustrated by the finding that markers of bacterial translocation are increased in more than 40% of cirrhotic patients. 4 Several markers of systemic inflammation that correlate with portal hypertension and mortality are also elevated in advanced cirrhosis. 5, 6 Increases in inflammatory cytokines have also been associated with downregulation of selected cytochrome P450 enzymes responsible for drug metabolism. 7 Inflammation can also affect drug transporter expression, which might also play a role in how the impaired liver handles drug metabolism and excretion.
Hepatic steatosis, or fat in the liver, is another pathologic process that can affect hepatic drug metabolism and occurs largely as a consequence of metabolic processes such as insulin resistance, diabetes, and hyperlipidemia. The same processes can also result in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis (NASH). Several studies in animal models have been conducted to evaluate the effect of NASH on changes in hepatic drug absorption, distribution, metabolism, and excretion through the evaluation of both gene and protein expression. 8, 9 Specifically, efflux transporters belonging to the adenosine triphosphatebinding cassette family are induced, whereas uptake transporters belonging to the solute carrier family are repressed. These findings suggest that changes in liver drug transporters may have a hepatoprotective effect in chronic liver diseases such as NASH through the facilitation of efflux transporters and repression of uptake transporters. These changes may also result in increased plasma drug concentration in NASH patients.
Portal hypertension is defined as an increase in the portosystemic pressure gradient in any portion of the portal-venous system. 10 The portosystemic gradient is assessed by measuring wedged hepatic venous pressure (measurement of sinusoidal hepatic pressure) and subtracting from hepatic venous pressure (systemic pressure), thereby obtaining the hepatic venous pressure gradient (HVPG). The HVPG is normally 3 to 5 mm Hg, and a value greater than 5 mm Hg is defined as portal hypertension. Values greater than 10 mm Hg define clinically significant portal hypertension and predict the development of esophageal varices, 11, 12 clinical decompensation, 12 and hepatocellular carcinoma. 13 Esophageal varices, dilated veins in the esophagus that develop as a direct consequence of increased HVPG, are a leading cause of morbidity and mortality in cirrhotic individuals. Although portal hypertension can result from pre-, post-, and intrahepatic noncirrhotic causes, cirrhosis is by far the most common cause. Recent observations have identified that cirrhosis also comprises reversible and irreversible components. 14 The process is initiated when chronic liver injury and the resulting inflammatory response activate hepatic stellate cells (HSCs), which subsequently transdifferentiate into a myofibroblast phenotype. HSCs are thought to be the primary producers of collagen types I and IV, the primary extracellular matrix proteins in the liver. Although originally apoptosis was thought to be the only process to remove activated HSCs, more recent data have demonstrated that approximately 40% of these cells revert to a quiescent phenotype following cessation of liver injury, 15, 16 although factors associated with reversion to the quiescent phenotype remain incompletely understood. 17 Consequently, whether fibrosis is reversible or irreversible and the cell types responsible for collagen deposition are potentially important factors for elucidation of hepatic drug metabolism in cirrhotic individuals. [18] [19] [20] [21] For example, does fibrosis regress in all those who have achieved viral eradication after treatment for hepatitis C? And how quickly does regression occur? Does hepatic drug disposition activity in decompensated individuals improve after viral eradication?
Assessment of Hepatic Fibrosis
From the clinical perspective, assessment of liver function is important to understanding the fibrosis stage because, if severe, it may play a role in medication dose adjustment and may affect liver drug metabolism. Although liver biopsy has long been considered the gold standard for the staging of hepatic fibrosis, over Cirrhosis can result in hepatocyte loss, which affects the liver's ability to metabolize and transport medications. Current methods for assessment of impaired hepatic function can be broadly divided into noninvasive methods that assess structural changes in the liver including noninvasive indices that assess inflammation (Fibrosure) and fibrosis (Fibrosure, Fibrospect, APRI, and FIB-4). Radiologic-based techniques also can assess structural changes both nonspecifically (ultrasound, computed tomography) and specifically (ultrasound or MRI-based elastography). Liver function can be assessed by various combinatorial indices such as Child-Pugh, MELD, and the NCI index. The Child-Pugh score comprises ascites, hepatic encephalopathy, prothrombin time, total bilirubin, and albumin. The MELD score comprises INR, total bilirubin, and creatinine. Recent adaptations include inclusion of sodium, although the addition of sodium has not been uniformly embraced. The NCI index includes total bilirubin and AST. MELD, model of end-stage liver disease; NCI, National Cancer Institute; MR, magnetic resonance; INR, international normalized ratio; PT, prothrombin time; AST, aspartate aminotransferase; APRI, aspartate aminotransferase to platelet ratio; FIB-4, fibrosis-4.
the past decade several noninvasive serum biomarker indices have been developed, which have largely obviated the need for biopsy (Figure 1 ). An in-depth review of these topics is included in the article by Zeremski and Martinez in this issue of Clinical Pharmacology in Drug Development. 22 Additional recent developments include approval by the US FDA of vibrationcontrolled transient elastography (VCTE), a modified ultrasound-based technique that assesses liver stiffness. The underlying premise of VCTE is that an inverse relationship exists between liver pliability and deposition of extracellular matrix proteins, mostly collagen types 1 and 4.
23 VCTE can reliably identify cirrhosis with an area under the receiver operator characteristic curve of 90 or higher, and it provides an estimate of liver stiffness ranging from 1.5 to 75 kilopascals (kPa). Results less than 5 kPa are considered normal, and values greater than 12.7 kPa indicate cirrhosis. 23 VCTE has also been advocated for the identification of asymptomatic compensated cirrhotic patients who are at risk of the development of decompensation. Specifically, patients with VCTE values > 20-25 kPa are at risk of having endoscopic signs of portal hypertension and therefore should undergo upper endoscopy to diagnose esophageal varices. 24 Other recently developed noninvasive modalities used to stage hepatic fibrosis include magnetic resonance (MR) elastography, acoustic radiation force impulse, diffusion-weighted MR imaging, and fibro-computed tomography. One approach to improve the accuracy of the identification of individuals with impaired liver drug clearance might be the use of VCTE, possibly in combination with the other available noninvasive scores (Figure 2 ). 25 If VCTE is able to identify patients at increased risk of the consequences of portal hypertension, it could be used to identify patients requiring dose modification of specific medications.
Assessment of Hepatic Steatosis
Although liver biopsy has been considered the gold standard for the diagnosis of hepatic steatosis, VCTE has recently been proposed as an alternative methodology, 26 especially after the development of controlled attenuation parameter (CAP) technology. 27, 28 A recent meta-analysis of 11 studies comprising 13 cohorts reported that CAP has reasonable sensitivity and specificity for the detection of steatosis grades 1 to 3. 29 
Assessment of Hepatic Dysfunction
The Child-Pugh score is the most commonly used method to assess hepatic impairment among studies submitted to the US FDA. It was initially proposed by Child and Turcotte to predict operative mortality in patients undergoing portosystemic shunt surgery for esophageal variceal bleeding. 30 When initially proposed, the score included ascites, hepatic encephalopathy, nutritional status, total bilirubin, and albumin. Pugh subsequently modified the score with the addition of prothrombin time and removal of nutritional status. 2 A second commonly used scoring system, the MELD, was initially created to predict survival among patients undergoing transjugular intrahepatic portosystemic shunt placement. 31 The MELD contains 3 objective variables: international normalized ratio, creatinine, and total bilirubin. More recent adaptations include the addition of sodium values, although this modification has not yet been uniformly adopted. Presently, the MELD is the most commonly employed system used to rank candidates for liver transplantation.
The MELD has also been proposed as an improvement over the Child-Pugh score as the latter contains 2 variables, ascites and hepatic encephalopathy, that are subjective; the premise is that intersubject variability may be introduced by the subjectivity of a physician's assessment of these 2 signs. Similarly, treatment of these conditions with, for example, diuretics in the case of ascites or antibiotics and lactulose in the case of encephalopathy, may change the degree of severity; unfortunately treatment-induced changes are not incorporated into the Child-Pugh calculation. A recent systematic review and meta-analysis of observational studies that compared Child-Pugh with MELD found that in most cases they provided similar prognostic significance, although each score may have improved predictive capacity in different situations. 32 The NCI has also recognized the need for objective measures to grade hepatic dysfunction (HD) in patients undergoing trials of cancer chemotherapy. In 2004, the NCI Organ Dysfunction Working Group (ODWG) developed criteria for hepatic dysfunction initially to guide chemotherapy dosing for NCI-sponsored clinical trials independent of the Child-Pugh score. 33 The criteria incorporated total bilirubin and asparate aminotransferase, 2 objective and readily measurable laboratory values. The investigators found that total bilirubin was the most important predictor in classifying the severity of hepatic dysfunction. As assessed by the NCI-ODWG criteria, normal to mild HD corresponded to Child-Pugh group A, whereas moderate to severe HD corresponded to Child-Pugh groups B and C. The patients in the latter NCI-ODWG group may require chemotherapy dose modification, whereas those in the first group do not.
Effects of HD on Drug Metabolism and Disposition
The impact of hepatic dysfunction on drug disposition is related to the type and severity of liver disease, as well as the physiochemical and pharmacokinetic characteristics of the drug. Regarding the latter, the hepatic extraction ratio of the drug (ie, the measure of efficiency of the liver to remove a drug from systemic circulation) and the degree of hepatic intrinsic clearance of the drug (ie, the enzyme-mediated biotransformation of the drug) are important determinants in how liver dysfunction affects pharmacokinetics. Cirrhosis reduces the hepatic metabolism and clearance capacities by several proposed mechanisms. Evaluation of the effects of cirrhosis-related alterations in drug disposition have primarily focused on factors that affect hepatocellularity, intrinsic hepatocellular function, hepatic vascular abnormalities, and plasma protein production. 34 Collagen deposition in cirrhosis results in reduced hepatocyte mass and parenchymal cell damage, thereby reducing both the quantity and quality of cells responsible for intrinsic hepatic clearance. Fibrosis-associated sinusoidal capillarization can also occur. In the healthy liver, substances freely pass from portal circulation to hepatocytes through fenestrations in the sinusoidal endothelium; in cirrhosis, these fenestrations can occlude and basement membranes within the sinusoids can form, creating barriers between the sinusoid and hepatocytes. The loss of these fenestrations prevents larger molecules (eg, protein-bound drug) from entering the space of Disse, thereby limiting drug uptake into hepatocytes. 35, 36 There is also preclinical evidence to suggest that capillarization of the sinusoids restricts oxygen transfer from blood to hepatocytes, resulting in the selective reduction of phase I metabolism, such as oxidative reactions. 37, 38 Through its detrimental effect on plasma protein synthesis, cirrhosis can also affect drug protein binding and therefore the proportion of unbound drug concentration that is available to traverse cell membranes and undergo intracellular interactions. 39 
Pharmacokinetic Studies in Patients With Hepatic Impairment
A survey of drug product labeling of new molecular entities approved by the US FDA between 2000 and 2014 (n = 341) showed that ß70% (n = 240) of these labels contain language regarding drug administration in patients with hepatic impairment. Seventy-seven percent (n = 185) of these labels were informed by dedicated pharmacokinetic studies in subjects with hepatic impairment. Other sources of label information include empirical prediction based on elimination properties of drugs, population pharmacokinetic analysis, and clinical experience with the drug preapproval or the drug class. Ninety-five percent of dedicated pharmacokinetic studies used Child-Pugh classification to stage liver impairment, whereas the NCI criterion was used in 2% of the cases. None of these studies used the MELD score to stage liver function. Most of these studies enrolled subjects with Child-Pugh A and B liver impairment (ß90%), whereas 42% of the studies enrolled subjects with Child-Pugh C liver impairment. From this survey, no consistent observations emerged regarding changes in exposure as a function of the degree of hepatic impairment. Although some studies produced significant changes in exposure with worsening liver impairment, others did not. It is unclear whether these observations are driven by the properties of drugs or the sensitivity and appropriateness of the scales used to assess liver function. To address these issues, a more rigorous understanding of changes in enzymes and transporters as a function of liver impairment is needed. If the lack of consistency between drug exposure and worsening hepatic impairment is related to the poor performance characteristics of the method used to classify liver impairment, then more sensitive classification systems are needed that can reliably differentiate exposure changes in patients with hepatic impairment from those without.
Effect of Hepatic Impairment on Pharmacokinetics of Medications Used to Treat Substance Use Disorders
The development of appropriate systems to assess hepatic impairment is particularly relevant to those individuals with substance use disorders, given the high prevalence of co-occurring viral hepatitis and metabolic liver disease in the substance-using population. Presently methadone and buprenorphine are 2 major pharmacologic therapies used to treat opioid addiction. The extent to which liver dysfunction affects methadone pharmacokinetics remains largely undefined and has not been studied prospectively in patients with hepatic insufficiency. 40 In an early study, patients with severe chronic alcoholic liver disease were found to have decreased methadone clearance, 41 although limited evidence exists to guide optimal methadone dose initiation and titration strategies in patients with liver impairment; such strategies could reduce withdrawal and toxic effects and improve overall treatment adherence.
With regard to buprenorphine, the route of administration greatly influences its potential to result in hepatotoxicity. Specifically, overdoses and intravenous administration, as opposed to sublingual administration, can result in hepatic necrosis and microvesicular steatosis. 42, 43 Hepatitis C virus-seropositive subjects have been shown to have higher buprenorphine exposure compared with seronegative subjects. 44 In patients with moderate hepatic impairment, buprenorphine and naloxone exposures are increased up to 3-fold, whereas in patients with more severe hepatic impairment, naloxone concentrations increase up to 10-fold compared with healthy individuals. 45 Therefore, treatment with buprenorphine is not recommended in patients with severe hepatic impairment and may be inappropriate for patients with moderate hepatic impairment. 45 
Conclusions
Although several noninvasive indices and radiologic techniques can accurately assess fibrosis stage, their use in the assessment of in vivo liver drug clearance has not been studied. Because there are multiple mechanisms that can potentially lead to liver insufficiency, it is likely that a variety of different noninvasive tests may be required to accurately stage hepatic insufficiency. Additional investigation will also be required to determine the influence of hepatic insufficiency on the absorption, distribution, metabolism, and excretion of particular drugs. This knowledge may result in improved medication dosing, thereby optimizing patient care by maintaining the pharmacologic therapeutic window for specific drugs. In case of drugs used to treat opioid addiction, such knowledge could lead to avoidance of toxic and withdrawal symptoms that would also likely improve patient adherence.
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